Parameter values in the model.
Parameter
Reference Since ubiquitination occurred at multiple sites, we assumed that each ubiquitination or deubiquitination process involves an independent collision between the substrate and enzyme for simplicity. For ubiquitination reactions, we considered E3 as the enzyme responsible for the ubiquitin formation while neglecting the role of E1 and E2 as previously described (42). Based on our experimental data, we assumed that upon viral stimulation, RIG-I ubiquitination was initiated at either K164 or K172 (Initiation phase, Fig. 1 ). Once initiated, any remaining unmodified sites became accessible for ubiquitination in a random manner (Amplification phase). We termed this as a 'two-step' ubiquitination process. During the amplification, all E3-ligases (TRIM4, TRIM25 and Mex3c) showed unbiasedness towards correspondingly enzyme-specific sites (Fig. 4A ). For deubiquitination reactions, multiple deubiquitinase such as CYLD, USP3 and USP21 can catalyze the deubiquitination process (16, 43, 44) . We incorporated these deubiquitinases as one entity (i.e.
deubiquitinase [DUB] ) and assumed that each site can be deubiquitinated by DUB in a random manner.
We were interested in how dynamics of RIG-I was shaped with varying numbers of ubiquitination sites. To formulate the system, we employed ordinary differential equations (ODEs) to evaluate the ubiquitination patterns of RIG-I upon viral invasion. The massive enzymatic reactions were characterized by Michaelis-Menten formalism. The E3 ligases bind the substrates to form a substrate-ligase complex. The complex can either dissociate or lead to an enzyme and a product with one more ubiquitinated site. Similarly, the deubiquitinases can also react with ubiquitinated RIG-I to form an enzyme-substrate complex which either dissociates or results in a product with one less site ubiquitinated. Since the complete formulation incorporating all elementary reactions would consist of a large number of equations, it is possible to simplify the expression provided that (i) the concentrations of modifying enzymes are significantly lower than that of the substrate (i.e. 'primed' RIG-I) or (ii) the association and dissociation constants for enzyme and substrate are significantly larger than the catalytic rates (45). In our in vitro experiments, the former condition can be well satisfied owing to the transfection of various RIG-I constructs. Furthermore, even the kinetic details regarding multisite ubiquitination were undefined, the catalytic step would be rate-limiting and the latter condition can also be fulfilled within many systems (45). When either condition was satisfied, the complex ODE system can be markedly simplified.
The 'primed' RIG-I denotes the species allowing ubiquitination at multiple lysine sites within or adjacent to CARD domains ( Fig. 1L and 2D) . In unstressed cells, RIG-I is maintained in an auto-repressed state with phosphorylation at multiple residuals. In response to viral infection, RIG-I undergoes PP1α and PP1γ mediated dephosphorylation followed by Riplet induced CTD ubiquitination to expose CARD domains and enable further ubiquitination (46). We incorporated these processes into a simply reversible binding reaction below (47). 'R00000000' denotes the 'primed' RIG-I. The 'primed' RIG-I can be further ubiquitinated on multiple sites at the N-terminal domain, we therefore marked RIG-I with subscripts (Fig. 2D) . The subscript with a binary string characterized the ubiquitination states of RIG-I. The lysine site with ubiquitin ligation was designated with '1' while the unmodified ones were marked with '0'. For instances, if K99, K154 and K172 were ubiquitinated, the subscript was '01100100' (fig. S7A ). Noticeably, we did not consider viral replication and decay to focus on the multisite ubiquitination patterns of RIG-I. Furthermore, K63-linked ubiquitin chain can also bind RIG-I non-covalently to promote RIG-I activation although covalent K63 ubiquitin has stronger activation capacity (14, 46) . In the current study, we focused on the dynamic patterns of covalent ubiquitin ligation on RIG-I and did not consider the unanchored ubiquitin chains for simplicity. Furthermore, the RIG-I was also subject to basal production and degradation as described below.
The degradation rate was quantified in our previous work (13) 
where the subscript x and y denote the ubiquitination state (i.e. a binary string). E3 represents the specifically free ubiquitin ligase(s) responsible for Ub ligation of the substrate. Since there are totally three ligases (TRIM4, TRIM25 and MEX3C) and each has site specificity for RIG-I ubiquitination (Fig. 4A) 
The Eq.(5) established the relation between the combined parameters kub/kdeub and the catalytic constants in enzymatic reactions.
Once activated by ubiquitination, the RIG-I can then oligomerize into tetramers (14). We observed that initial ubiquitination on K164 or K172 followed by ubiquitin ligation on at least one additional site can substantially activate anti-viral signaling (Fig. 1) . Therefore, we assumed that RIG-I with ubiquitin linkage on at least two lysine sites (i.e. one essential and one additional site) can form tetramers and induce RIG-I activation (Eq. 6). We assumed positive cooperativity in RIG-I oligomerization by multiplying the oligomerization rate with a constant (Eq. 6). If there is no cooperativity, the monotonically increased ultrasensitivity when removing more lysine sites in RIG-I became less significant (data not shown where x and y represent ubiquitinated RIG-I capable of forming oligomers. The undetermined parameters were assigned reasonable initial values so that the complete model can produce a ubiquitination profile comparable to experimental observation (Fig. 1I, Fig. 2B and 2C) as previously described (18). To exclude the possibility that the dynamic profiles were produced by specific parameter set, we further generated stochastic parameter sets (n=1000) from lognormal distribution with respect to the reference values and summarized the statistical results in corresponding sections (see results).
To model the effect of ISRE luciferase activity and different gene expression, we used a Hill function to approximate the relation between total RIG-I tetramers (RIGIT) and the production rates where M denotes either ISRE or specific genes under different conditions. The Hill function was used to simplify the signaling processes between RIG-I oligomerization and ISG (interferon-stimulated genes)/ISRE induction. For the 'gene' expression data in dendrogram, we normalized the differences in gene expression under wild type and 6 KR conditions as follows 6 6 () , 1, 2,...,3000 max{ , }
ii
GWT i and G6KR i represent gene expression under wild type and 6 KR conditions. i denotes the ith random parameter set. To identify the 'gene' specific features correlated with different expression patterns under wild type and 6 KR conditions, kinetic parameters and nonzero initial conditions were varied following a lognormal distribution (Totally 3000 sets, note that λ and RIG-I were not sampled from lognormal distribution. Under 6 KR condition, no cooperativity was required, see Eq.
4; the initial RIG-I level was determined by rRIGI/δRIGI).
Simulation analyses of the effect of E3s/DUBs expression and activity on systematically ultrasensitive RIG-I responses
Riplet conjugates K63-linked ubiquitin chains to K788 at the C-terminal domain of RIG-I, which triggers an open conformation of RIG-I to allow its exposed CARDs to be bound and ubiquitinated by other E3s (7). Therefore, Riplet functions as a priming E3 while TRIM25/TRIM4/Mex3c fulfill their roles at later phases (7). In Eq. 1, we incorporated these processes (e.g. PP1α and PP1γ mediated dephosphorylation/Riplet mediated priming/ligand receptor binding) into a simply reversible binding reaction.
Therefore, variations in Riplet expression and activity can be represented as stochasticity in ka/kd values. Consistently, discrepancies in TRIM25/TRIM4/Mex3c expression can also be regarded as randomness in TRIM25/TRIM4/Mex3c initial values (notably, since there is no production/degradation of TRIM25/TRIM4/Mex3c in our model, the initial values determine the E3s expression in the system). To exclude the possibility that the general pattern of our model (i.e.
Hill coefficients increase with more nonessential lysine sites mutated) is ascribed to specific parameter set, we have randomized all kinetic parameters (thereby, the kinetic parameters governing ubiquitination by E3s were all simultaneously varied) and initial conditions including ka/kd and TRIM25/TRIM4/Mex3c by sampling from lognormal distribution (Fig. 2E, 2F and S9, totally 1000 sets). The results suggested that ultrasensitivities in RIG-I activation are enhanced by decreasing the number of nonessential ubiquitination sites irrespective of levels and kinetic activities of E3s/DUBs.
Notably, even though we assigned identical initial values for E3s (table S1), the expression of TRIM25/TRIM4/Mex3c during each stochastic simulation is totally different.
We also investigated the effect of E3s variation in the deterministic model by assigning a 5-fold change in E3s (e.g. TRIM25/TRIM4/Mex3c are set to be 0.02, 0.1 or 0.5, all combinations were explored). The results below suggest that even a 5-fold variation in E3s does not influence the characteristic tendency in Hill coefficients ( fig. S10A ). Furthermore, to investigate Riplet variation in deterministic equations, we increase/decrease ka or kd by 5-fold (ka = 0.05 or kd = 0.0025 or ka = 0.002 or kd = 0.0001). As a result, the general patterns still hold ( fig. S10B ). and Eq. 11). Since the equations are symmetric for DUBs (i.e. we do not specify the map between DUB1/2/3 and USP21/USP3/CYLD since DUB1/2/3 can explicitly represent any deubiquitinase during simulation), we then investigated representative scenarios. (45), the parameters kdeub1/2/3 and kdeub_olig1/2/3 characterize both catalytic efficiency and recruitment dynamics. Therefore, altering the values of these parameters can simulate the dynamic changes in both catalytic efficiency and enzyme recruitment. We therefore chose kdeub1 = 0.05 and kdeub_olig1 = 0.05, kdeub2= 0.1 and kdeub_olig2 = 0.1, kdeub3 = 0.2 and kdeub_olig3= 0.2, i.e. three DUBs with different catalytic efficiencies (i.e. twofold changes). We found that the Hill coefficients also increase with decreasing ubiquitination sites (fig. S10C, bottom) . The general tendency is similar compared with that in Fig. 2 .
Induction of
2) DUBs were differentially expressed. DUB1=0.02, DUB2=0.1, DUB3=0.5, i.e. 5-fold changes in the concentration of DUBs. We found that the general tendency still holds ( fig. S10C, top) .
3) Parameters were varied simultaneously during each simulation. We randomized all kinetic parameters and E3s/DUBs levels (totally 500 sets) from lognormal distributions with respect to corresponding reference value (i.e. the kinetic parameters for DUB activities and intrinsic levels of three DUBs were different during each run). The simulation results suggested that Hill coefficients consistently increase with more nonessential lysine sites mutated ( fig. S10D ).
Therefore, we argue that ultrasensitive responses in the RIG-I multisite ubiquitination system increase with decreasing lysine sites accessible for ubiquitination. This tendency is generally conserved irrespective of the differences in kinetic DUB activities and DUB levels although the exact values of Hill coefficients (i.e. ultrasensitive responses) may change. The systematic properties of RIG-I multisite ubiquitination system is conserved regardless of changes in DUB recruitment and kinetic activities.
